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ABSTRACT . 
The composition and thickness of silicon nitride 
films grown in a 30% ammonia - 70% nitrogen ambient are 
studied as a function of NF3 addit.ion, nitridation temp-
erature, and nitridation time. NF3 additions of o to 200 
ppm, temperatures of 1000°·c t·o 1200°c and times of tw.o t.o 
eight hours are used for this study. Ellipsometry is 
used to determine the film thickness and Auger electron 
spectroscopy is used to find the composition profiles. 
The composition and thickness of the nitride films 
are significantly enhanced by the addition of small 
amounts of NF 3 to the ambient and the effect increases 
with increasing additions of NF 3 • The thickness 
increases as much as 500% at some processing conditions 
with the maximum thickness found being 225 A. Along with 
this, the tendency for self-limiting growth is reduced. 
The nitrogen fraction of the films is greatly increased 
from 50% to around 80% throughout the film thickness. 
Furthermore, it is found that the thickest, most 
nitrogen-rich films are produced at low temperatures and 
long times with large additions of NF3• 
Use of the SOLGAS computer :program to model the 
equilibrium state of the nitridation ambient is 
described. The model generates a list of the gas~s 
L. 
,· 
' 
l 
... , .... -~ 
I· 
present and their concentrations for various processing 
conditions. The model of the ambient along with the 
experimental results is used to evaluate several 
suggested reasons for the enhancement. These include 
dissociation of the ammonia, removal of the native oxide, 
and the loosening and straining of the silicon lattice. 
The composition and thickness of the films grown in 
pure nitrogen are also investigated as· a function of NF3 
addition at similar conditions of temperature and time. 
These films are of poor quality. While the NF3 increases 
t...he thickness of the films, the films contain. no nitrogen 
reg_ardl·ess of the NF 3 addition a·nd. :t.hus are not nitrides_. 
--~------ -- ---~-_ ... _____ ----------- -
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1.0 INTRODUCTION 
1.1 APPLICATIONS OF SILICON NITRIDE 
There is a trend in the microelectronics industry 
toward smaller devices and closer packing on ·integrated 
-circuits. As device dimensions shrink laterally, device 
·t.hicknesses must be reduced by a corresponding amount to 
.. maintain proper circuit operation ( 1, 2]. Continued 
reduction in size will make the use of standard MOSFETs 
more difficult as oxides less than 100 A thick are prone 
to many problems. Silicon nitride has shown promise as a 
substitute dielectric in these devices. It has many 
properties which make it preferable to silicon dioxide at 
low thicknesses. It has a higher dielectric constant, 
which increases transconductance while decreasing current 
leakage. It is more uniform electrically with a lower 
defect density at low thicknesses. This inhibits low 
field localized breakdown and thus increases the overall 
dielectric breakdown strength [1,2]. 1 It has a higher 
structure density which allows it to block the migration 
of moisture and mobile ions, the diffusion of dopants and 
the movement of aluminum from the gate to the silicon 
substrate [1,2,3]. Aluminum reacting with the underlying 
-silicon can cau$~ sp·iking and short circuiting.· Fin~lly, 
'le. 
"':.i 
3. 
,.- ·' . 
~ 
silicon nitride also has the characteristic self-limiting 
growth shown in figure 1.1, which allows a fairly thin 
film to be grown to an exact thickness [ 4]. This is not 
the case with oxide where the thickness of the film is 
hard to control [l]. 
While use in MISFETs could be the largest 
application of thin film nitride in the future, presently 
nitrides are used mostly along with oxides in MNOS non-
volatile memory devices. Nitride is used because of its 
non-linear conductivity. At high voltages charge passes 
easily through the nitride, while at low voltages the 
nitride obstructs charge motion. 
An MNOS memory transistor works in the following 
way. At high voltages, charge is injected into the 
nitride to fill or empty traps at the nitride - oxide 
interface. This change in the amount of trapped charge 
changes the threshold voltage of the device, and thus the 
memory state. Filling the traps is known as writing, 
while emptying them is erasing. Reading the state of the 
memory is accomplished by passing a low voltage across 
the device. In one state, the threshold voltage will be 
too high for the low voltage to activate the device, 
\ 
while in the other state, the device will have a lower 
threshold voltage and it will turn on when the low 
voltage is applied. Thus the state of the device can be 
4 
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Figure 1.1 Thickness of a nitride film grown in 
ammonia gas as a function of nitridation time and 
temperature. (After (4)) 
5 
• 
,,. 
set once and then read many times. The low voltage has 
~o effect on the stored charge. The high trapping 
efficiency of nitrides, which is a problem in adapting 
them for use in MISFETs, is very useful here as it allows 
the charge to be stored for long periods of time [5]. 
E2PROM FLOTOX memory devices may also contain 
nitride films. Here the film serves as a gate insulator 
through which charge passes to a polysilicon gate region. 
The threshold voltage of the device and thus the memory 
state depend on the amount of free charge in the 
polysilicon film. The high dielectric constant of 
nitride stops the flow of charge into and out of the 
polysilicon gate at the low voltages which are used for 
reading. The low thickness of the nitride film allows 
e-a·sy tunneling of charge intq and out of the gate region 
·at the high voltages which are used for writing and 
erasing [l]. Some other applications of thin silicon 
nitride and the devices involved are given in figure 1.2. 
Thick films of silicon nitride are often used in 
packaging and processing. The main application of 
nitride in packaging is as the final passivation layer 
placed on a completed circuit to protect it from the 
external environment [6,7]. Several properties make it 
ideal for this use. Its ability to mask the diffusion of 
moisture and mobile ions :(8] and its oxidation resistance 
t 
·6· 
'I 
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Figure 1.2 Classification of device applications of 
silicon nitride. (After {5)} 
7 
. 
[9,10] protect the circuit from chemical attack [6,7]. 
Its high abrasion resistance protects the circuit from 
mechanical damage [6]. Finally, its high radiation 
resistance [llJ and dielectric constant protect the 
circuit from electrical degradation and the effect of 
stray fields [l], respectively. 
The same properties of nitride that protect a 
finished circuit from chemical attack are also useful for 
masking during dopant diffusion [12,13] and local 
oxidation (14,15] processing steps. Its ability to be 
selectively etched (16] makes nitride even more desirable 
for this application. Figure 1.3 shows the different 
places where either thin· or thick silicon nitride films 
might be used in a typical circuit. 
1.2 WAYS OF PRODUCING SILICON NITRIDE 
There are several ways to produce amorphous silicon 
nitride films. . . ~ . Thick films can be produced by chemical 
vapor deposition or plasma vapor deposition. Chemical 
vapor deposition can occur by one of two reactions [6]. 
At Low Pressure and 100°c - soo0 c: 
. 
Atmospheric Pressure and 100°c - 9oo0 c: 
8 
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Figure 1.3 Cross-sectional views of a CMOS device 
at various stages of processing, showing how silicon 
nitride might be used: a) as an ion implantation mask, 
b) as a local oxidation mask, c) as a passivation 
layer, isolation layer, or gate die~ectric. 
9 
I 
l 
• 
:1 
1· ' 
The low pressure technique, which is done at a relativ•t¥ 
low temperature, is the more popular method [7]. 
Both methods can accomodate a high wafer throughput. 
The thick films produced are nearly stoichiometric, very 
dense, oxidation resistant, and highly uniform with 
respect to thickness and electrical properties [ 6]. 
However thin films, less than 200 A, produced by this 
techni.que become highly contaminated with oxygen [ 17]. 
Plasma vapor deposition can also occur by one of two 
reactions [ 6]. 
SiH4 + NH 3 ~ SiNH + 3 H2 (in Argon plasma) 
or 2 SiH4 + N2 ~ 2 SiNH + 3 H2 (in Nitrogen plasma) 
These films are hydrogen rich and thus less dense than 
the stoichiometric nitrides produced by LPCVD. However, 
the low deposition temperature of 100°c to 40o 0 c makes 
this technique the choice for laying down the final 
passivation layer (6]. By depositing at such a low 
temperature, temperature related degradation in the 
finished devices is avoided. Good adhesion and step 
coverage [18,19] along with electrical and dimensional 
uniformity (20] are other good points of this technique. 
While these processes produce excellent thick films, 
many of the most exciting device applications of silicon 
nitride await the development of a technique which 
10 - --- --·-- - --' 
produces high quality thin films. Ion implantation of 
nitrogen directly into a silicon substrate has been 
attempted [21,22,23], but the films are highly damaged 
and require extensive annealing. 
1
The annealing is needed 
not only to remove the damage, but also to smooth out the 
characteristic implant p'rofile (21]. 
Thermal nitridation could also be used to produce 
thin uniform films. This method entails the direct 
reaction of the heated substrate with a nitriding ambient 
of pure nitrogen or ammonia. The films produced so far 
have been very thin and highly contaminated with oxygen. 
In addition, the process has required high temperatures 
(1000°c-1200°c) and long processing times (8 to 10 
hours), both of which may alter diffusion profiles and 
warp the silicon [6,7,9,10,24,25,26]. Because of this, 
there have been several studies aimed at improving both 
the conditions of the thermal nitridation process and ~he 
quality of the nitrides produced. Various enhancements 
have been suggested to increase the growth rate and 
ultimate thickness of thermal nitride films while 
simultaneously decreasing their oxygen content [17,27-
31]. These studies will be discussed in the next 
chapter. Included in this work have been studies of the 
effects of using fluorinated plasma ambients [29-31]. 
These investigations have produced ambiguous results. 
11 
The present study concentrates on the effect of 
fluorine additions on the growth of silicon nitride 
without the complicating effects of plasma processing. 
Al1 nitridations were done in a hot wall quartz tube 
furnace with a mixture of nitrogen and ammonia as the 
ambient. Nitrides were grown at various times, 
temperatures, and levels of fluorine addition to n·ote the 
different effects on final thickness and oxygen content. 
The thickness of the films was determined by 
ellipsometry, and Auger ele,c·tron spectroscopy was used to. 
:ma·ke composition depth prof·i:l:es .of ·the samples • 
.J; 
, 
2. 0 BACKGROUND 
:2.1 GROW·TH ·OF s·ILICON NITRIDE IN NITROGEN 
Ceramists have been producing silicon nitride. for· 
nr~ny years by heating silicon in pure nitrogen [32-35]. 
The process is thermodynamically feasible at all 
temperatures below 140o 0 c, but it becomes less 
energetically favorable at higher temperatures. High 
temperatures are required for the reaction to occur, 
however, because of the high activation energy of the 
process. The energy is needed to break the strong N=N 
bonds. Ceramists grow the nitride on ground silicon 
powder which can be sintered later. The large surface 
area provides a great deal of surface energy which.lowers 
the activation barrier. Growing nitride on a silicon 
wafer is more difficult. It requires temperatures close 
to the 14oo0 c limit to provide the necessary energy. At 
these temperatures there is a much stronger driving force 
for the production of the oxide and high oxygen 
contamination of the films resul t·s [:24]. 
The first thermal nitride :grown on a silicon wafer 
wa-$. produced in such a pure nitrogen ambient. R.G. 
Frieser produced this nitride in 1968. Grown at 1375°c,, 
.. . : . it was 1725 A thick, polycryst·a:i_1ine, contaminated with 
13 
\· 
;. 
" 
oxygen, and totally unsuitable for microelectronic
 
applications. It was non-uniform in thickness, not 
amorphous, and not continuous over the surface of the
 
wafer (24]. 
The first useful nitrides grown in rtitrogen were 
produced ten. years later by T. Ito [ 1·0]. These nitrides 
w-ere amorphous and up to 100 A thick, but contained som
e 
\ 
oxygen. Ito addressed many of the problems of Frieser'
s 
nitrides. He showed that if the oxidant impurities, H2
o 
and o2 , ·were lowered to l ppm in. th
e pure nitrogen 
ambient, oxidation could b:.e i .. n.hibited. He also
 
discovered that the nitrides had to be grown at low
 
temperatures and for short times to insure non
-
crystallinity, as shown in figure 2.1. Later studie
s 
-in:¢1.·ica·ted that to fully ir:i"hibi t oxidation, the oxidant 
impurity level should remain well below 1 ppm to keep the
 
partial pressure of oxygen in the furnace below 10-
23 
atmospheres [36]. The region of stability for silicon
 
nitride i-s giveri in ,figure 2.2. 
2.2 GROWTH OF SILICON NITRIDE IN AMMONIA 
Since nitridation. in nitrogen was so difficult, 
nitridation in am-cinia. was attempted by Ito [25] and 
Murarka [ 9]. Ammonia nitridation is more 
thermodynamically ,favora·ble and it requires less
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activation energy because of the relative ease of 
breaking the weaker N-H single bond. Amorphous 
oxynitrides less than 100 A thick were grown between 
9oo0 c and 1200°c with little difficulty [9,25]. 
It was found that the ultimate thickness of the 
nitride increased substantially with increases in the 
temperature, but only slightly with increases in the 
duration of the nitridation or the ammonia partial 
pressure in the ambient [26.). These trends are depicted 
in figures 2.3 and 2.4. T·h·e amount of oxygen present in 
the film decreased subs:t·a.ntially with increases in all 
three factors [3,26]. Thus the highest quality nitrides 
were grown for long times at high temperatures in 
ambients rich with ammonia~ These conditions would_ mat• 
inc;iu.strial production o·f· nit.·.r·ides difficult and cost1·y-~ 
2.3 PLASMA ENHANCEMENT OF THERMAL NITRIDATION 
To lower the temperature, time, and ammonia partial 
ptessure needed to produce nitrides, and to increase the 
the thickness and nitrogen fraction of the films, 
techniques to enhance the nitridation process were pro-
posed. The first proposal was to use an ammonia plasma. 
This produced a relatively thick film (100 A) with an 
oxygen content of less than 10% in a short time (150 m) 
at a low temperature (l05o 0 c) [17]. These results are 
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excellent and should serve as the standard for all 
enhancement procedures. Further significant increases in 
the thickness occurred as the time was increased as seen 
in figure 2.5. Thin films produced by this process lost 
some of the self-limiting growt~ tendency which is seen 
in non-enhanced nitrides. The growth rate was still slow 
enough, however, to allow good thickness control. 
The use of a nitrogen plasma was also attempted. If 
this had worked well, it would have allowed the 
elimination of the costly processing techniques and 
equipment which are needed when using ammonia gas. The 
results were similar to those for a regular ammonia 
ambient, in that they were better than those for pure 
nitrogen, but far worse than those for ammonia plasma. 
Only 40 A was grown in over five hours at 11so 0 c. The 
films were 80% nitride [27]. 
2.4 FLUORINATED PLASMA ENHANCEMENT OF THERMAL NITRIDATION 
Next, small amounts of a fluorine compound were 
added to the plasma ambient to further enhance 
nitridation. The idea of adding fluorine follows from 
the extensive use of halogens in enhancing the oxidation 
of silicon. 1-5% additions of chlorine containing 
compounds such as c1 2 , HCl, and TCE are often- added to a 
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dry oxygen ambient (37]. These additions are known to 
double the oxidation rate and also to improve the elec-
trical properties of the oxide by trapping and 
neutralizing sodium ions, increasing the dielectric 
strength, reducing the density of interface traps, and 
stopping the growth of stacking faults [37]. The 
chlorine is believed to act in two ways to increase the 
oxidation rate [38]. First it acts as a network modifier 
to loosen the structure and allow more rapid diffusion of 
oxygen. Then it catalyzes the reaction of silicon and 
oxygen at the sio2 interface by breaking previously 
formed Si-o bonds. 
Fluorine has been found to act similarly to chlorine 
I 
in enhancing oxidation as seen in figure 2.6. As much as 
a 600% increase in oxidation rate was observed. This is 
much greater than the enhancement seen with chlorine 
additions and it is accomplished with much smaller 
amounts of halogen. Only parts per million of a fluorine 
addition are needed to produce the same enhancement as a 
chlorine addition of several volume percent. However, 
the mechanisms of fluorine enhancement are believed to be 
the same as those which exist when chlorine is added 
[ 39] • 
Several research teams studied the effect of 
fluorine additions on plasma thermal nitridation to 
22 
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determine if fluorine would also enhance this process. 
Two groups added fluorine compounds to a nitrogen plasma. 
Both Chang's [29] addition of 0.5% fluorine as CF4 and 
Giridhar and Rose's [30] addition of 20-200 ppm of SF 6 
resulted in an increase in thickness greater than that 
.I 
caused by the nitrogen plasma alone. The enhancement was 
achieved at a lower processing temperature as well. The 
nitrogen fraction of these f i·lms was lower than that of 
those produced in a pure N2 plasma, but it was still 
substantial.' While these results are good, they still do 
not exceed those produced by reaction in an ammonia 
p_l·,asm.a • 
:·Several trends in the results of Gir·i.dh-ar and Rose . . . . ' . 
s'h,O:Uld be noted. As shown in figure 2. 7·, ·w·hile the SF 6 
ad·dition re~·ained small., the uitimat-.e thickness of the 
films d•p~nded on the amount of fluorine added. The 
thickness began to approach a constant as the SF 6 
additions reached 200 ppm. Figure 2.8 indicates that the 
fluorine plasma enhanced nitrides maintained the same 
trend of increasing thickness with increasing temperature 
seen in the non-enhanced nitrides. However, like the 
plasma enhanced nitrides discussed above, they lost some 
of the self-limiting g~o·wtb- tendency which is 
characteristic of the :non--.enhanc.ed nitrides. 
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Following this, an attempt was made by Morita and 
his associates (31] to nitride sio2 in an ammonia plasma 
with CF4 additions. However, the result was an etching 
of the quartz furnace tube wall by the CF4, a reaction of 
the SiF 4 produced with the NH3 plasma and a deposition of 
the silicon nitride product on the wafer. This called 
into question all previous fluorinated plasma results as 
these films may also have been deposited instead of 
thermally grown. 
Because the enhancement described by Chang, et. al., 
[29] and the one put forth by Giridhar and Rose [30] 
vary widely in magnitude, and because of the shadow cast 
upon both results by Morita's [31] work, the extent to 
which fluorine enhances thermal nitridation is unclear. 
This study seeks to separate the effects of fluorine and 
plasma on nitridation and determine the enhancement 
produced by the fluorine alone, if there is any. 
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3.0 EXPERIMENTAL PROCEDURE 
·3 •. 1 :iXPERIMENTAL APPARATUS 
The experimental apparatus consisted of a hot wall 
nitridation system, which is shown in figure 3.1, and a 
gas supply system, as depicted in figure 3.2. A Thermco 
Pacesetter II furnace, a quartz reaction tube ~nd end 
cap, and an alumina liner made up the nitridation system. 
The gas supply system included the necessary cylinders, 
flowmeters, filters, and tubing to deliver three gases, 
'.3,~1.1 Nitridation System 
The Thermco Paceset.te:r -I":I f,urnace. is divided into 
-t·hr:e,e -te~,is.tive·1y h_eate:d '.zon:es. The temperature in these 
,z.:o·.pe·.,s. l.$ .controlled by a Dialette W793B master-slave 
contrbl system which is pictured in figure 3.3~ The 
q::~nter zone is manually set to the desired temperature. 
This automatically sets the end zones to that temperature 
.as well. The end zone temperature can then be manually 
altered up to +so 0 c from that setting. Type R thermo-
couples are used to· :-nronitor the temperature in the three 
,z~ones. Thes.e outp.ut a DC millivol tage to the control 
circuit, which changes the state of an SCR if it notes a 
deviation between the actual voltage and the set point. 
2.·8· 
• 
QUARTZ TUBE 
~ . /. / . / . / . / . / . / . / . / . / . / . / . / . / ·, ~ 
. ~ / . / '/ . / . / . / . / . / . / . / . / . / . / . /. ~ 
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I ·~ • I • ~ • I • , • . , . , . 
Figure 3.1 Side view of the nitridation system 
GAS EXHAUST 
QUARTZ END CAP 
Figure 3.2 The ga$ delivery system used in 
nitridation, 
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·".'· The SCR allows current and thus power to be supplied to a 
zone's heating elements if it i.s on and stops the power 
if it is off. By adjusting tbe SCR, the control system 
can ~aintain the zone temperature to within +l/4°c. 
By a proper adjustment of the temperatures in the 
three zones, a six-inch flat zone can be created and 
maintained :in the center of the furnace, in which all 
points are kept within+ 1°c .of the desired r~action 
temperature. Such a zone was set up for each of the 
p ocessing temperatures used in this study. This allowed 
dentical heating of all wafers placed in the zone. 
The other parts of the nitridation system also serve 
important functions. The alumina liner protects the 
quartz reaction tube from .sodiu:m, other mobile ions and 
moisture. It also provides support for the tube. The 
fused quartz reaction tube and end cap provide a clean, 
dry, uniformly heated environment for the sample 
processing. In order to insure the existence of that. 
clean envi·ronment, the loading chamber for the furnace. 
exceed:.ed Class 1000 clea.n ·ro.om requirements. 
3.1.2 Gas Supply Syste~ 
The system used to SU.fJp.ly the g:ases to the· fu.rnace-
is shown in figure ~.~. · -CJ:as,eo·u·s sources were chosen for 
- • • I 
their ease of us.e ... , ·A.ir; :Products an·d Chemicals' 
.~:. 
e<l:e:c·t-ron:ic·; grade -a11rinQrtia. ·w.as used as the nitridant. It 
~a~ 99~995% pure and c.Qntained less than 25 ppm water. 
The fluorine compo.un_cl:, N·F_3 , w·as also supplied by Air 
.Products a:nd Chemicals,: 1Inc... ,The technical grade, which 
was 98% pure, was chosen. Its relatively low purity was 
rtot a major concern, since the gas was added in such 
small amounts that any impurities would be heavily 
diluted by the other gases. Two similar nitrogen types 
were used as the carrier gas for ammonia. First, Linda's 
high purity grade was selected, but after several runs 
Air Products' Zero grade was substituted. Both of these 
gases are more than 99.99.% pure, and both contain less 
than .l.O ppm qxyge·n an·d 5 ppm water. It is essential that 
,. 
the level of· oxidant impurities, 0 2· and H2o, be kept low 
in the gase$· to insure that nitride and not oxide is 
produced. ,Beca\lse o·f the highly: c·o~r.osive nature of both 
ammonia and :NF3 , only sta-in:l·e,s·s ·$t.eel tubing was used in 
the del.~ye·.ry system. 
Particulates were filtered from the gas stream by 
Millipore XX40-025-00 disk filter holders containing one 
of several 25 mm diameter disk filter papers. A 
cellulose acetate-cellulose nitrate filter with a 0.22 um 
pore size (GSWP02500) was used to filter the nitrogen. A 
nylon .filter with 1.0 um p·or:es (NRWP02500) fi:ltered the 
anrmortia. The NF3 w-as _f:i.lter-ed with a 0.,2 um: _pore teflon 
I J" 
filter (FGLP02500). 
The three flowmeters used to monitor the gases were 
each made by a different manufacturer. A Brooks She-Rate 
f:lowmeter of type 1355-07ClZAA controlled the nitrogen 
flow. The ammonia flow was gauged by an Air Products 150 
··mm single tube f lowmeter ·of :stainless steel construction . 
. 
(#E21-H-150MM41) with a tube of the proper diameter to· 
. 
deliver from 85 to 850 seem of air (#E29-C-150MM2). A 
special flowmeter was needed to measure the extremely 
s~a11 (1-10 seem) and corrosive flows of the NF 3 
addition. A Gilmdrtt F-9760 microflowmeter with a micro-
meter adjustment kno.b was chosen. It was constructed of 
teflon and boro.si.lic,a·te glass and had a synthetic ruby 
ball to resist corrosion. The f.1.ownieters were calibrated 
for air by the manufacturers. Recalibration for the 
actual gas was accomplished by a simple calculation 
invGlving the specific volume of that gas. 
3.2 PREPARATION OF THE NITR·IOE SAMPLES 
3.2.1 Nitridation. in Ammoni~ 
-----· --·-· .. · .-.-:.: .. _ .. _.··~-· '· •,. ·.,' 
Th.e main portion of ·th::i·s· ·s·tudy :cons .. i:st·e·d. ··of .growing 
' 
·and characterizing nitr·id·es .. p·r,oduced in an ammonia-
nitrogen mixture. The following sequence was used for 
thes.e atnmonia nitridations. The n-type silicon wafers· .of'· 
·c100) orientation and s-10 ohm-cm resistivity were 
thoroughly cleaned prior to ni tridation. Cleaning 
consisted of a degrease in a 10:1 solution of sulfuric 
acid and hydrogen peroxide for five minutes, five rinses 
in deionized water, an etch for one minute in a 10% 
hydrofluoric acid solution to remove any native oxide, 
five. mo,re rin·se.s :in deionized wate.r., and, tinally, drying 
in pure nitrogen gas. The usual step of heating the 
wafer in fuming nitric acid to remove ionic contamination 
was eliminated here because no electrical 
characterization of the films was anticipated. During 
the 30 minute wafer cl·eaning procedure, the furnace tube 
was purged.of oxygen and moisture by flowing 11pm of 
pure nitrogen through it. 
The cleaned wafers were. :p·:1·ac·ed. in a vertical. rack 
t,1.uartz boat and inserted into the furnace tube in a 3 1pm 
flow of pure nitrogen. This flow conti.nued for fifteen 
minutes while th.e wafers came to temperature in the 
center of the furnace. This flow was then changed to a 
mixture of 30% ammonia - 70% nitrogen at 2 1pm. This 
flow was used for the duration of the nitridation, which ·, 
was either 2, 4, or 8 hours. Nitrides were grown at 
temperatures be·twe·e:z1 1:0:.o0°c .. and 1200°c with NF3 additions 
o·f· 0-200 ppm . Sampies ·grown in an ambient with no 
. fluorine addition .w·,ere included in order to chec.k· the : . . ·. ·• 
3::5 
results of this study against previous investigations 
reported in the literature. This insured that the 
experiment was properly set up. After the nitridation 
was complete, the flow was changed to 3 1pm of pure 
nitrogen to flush the ammonia and NF3 gases from the 
system. The samples were then removed from the furnace 
and cooled quickly to avoid any oxidation. 
3·_.2.2 Nitridation i~n Nitrogen 
Another set of films was produced by nitridation in 
.pure nitrogen. Th$ apparatus used was the same and the 
sequence was very similar. It consisted of cleaning, 
furnace purging, and insertion as before. This time, 
however, the nitrogen flow used for purging was only 2 
1pm, and the flow was continued for only five minutes 
after insertion. One 1pm of pure nitrogen was used as 
the nitridant and small additions of fluorine were added 
.. 
to it. Samples were grown for a hours at 9So0 c, 1000°c, 
and 1oso0 c, and for 24 hours ,rt 1000°c with no fluorine 
added. Samples were also grown at 1000°c for 8 hours 
with o, 110, and 440 ppm of NF 3. After nitridation was 
complete, the furnace was purged as before, but with 2 
_lpm of nitrogen for only 10 mitiutes. 
3.6· 
: .... 
' 
3.3 CHARACTERIZATION OF THE NITRIDE FILMS 
After the samples were prepared, they were 
char~cterized using two techniques. Ellipsometry was 
used to determine the film thickness, and composition 
depth profiles were provided by Auger electron 
spectroscopy. 
3.3.1 Determination of F,..i.l.m l1bi .. c.kn.e·s·.s 
Ellipsometry is used to measure the thickness and 
refractive index of thin transparent films on reflecting 
·s· · ·u··.·b·s tr - ~ - -. . .. :: .·· ... Cl \..Ct:i of known optical parameters [ 4 0] • It 
.. ac·9.ompl.ishes this ·by analyzing the change in the state of 
p··o1.~:rization .of· a beam of monochromatic light which 
.oc:c·u:rs. -as a r.esult of the beam penetrating the film and 
r·ef·lecting off the substrate below. This technique can 
determine the thickness of many fil•s ~hich are too thin 
to be measured in any other way. 
In this study, the thicknes.$ measurements were made 
on a Rudolph Auto El-II ellips·ometer with a laser wave-
length of 6)28 A. The silicon refractive index was taken 
to be 3.858 + o.01ai. The wafer was measured at four 
separate positions, which ~re shown in figure 3.4, and 
the average of the -easurements recorded as the film 
thickness. A st.a.nda.r:d. ·ci.eviation was also calc.ulated to 
if, 
' 
'-, 
~ 
' 
' 
' 
' 
. 
Figure 3.4 Positions on the quarter-wafer samples 
where nitride film thickness measurements were made. 
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determine the uniformity of the film thickness on each 
wafer. At extremely small film thicknesses, such as 
those in this study, it becomes impossible to accurately 
determine both the thickness and refractive index by 
ellipsometry [ 41]. Therefore, it was assumed that the 
refractive index of these films was 2.00, the same 
refractive index as that of stoichiometric silicon 
nitride. 
3.3.2 Determination of Film Composition 
3.3.2.1 Principles of Auger Analysis 
Auger electron spectroscopy was used to determine 
the composition of the films. It was chosen because it 
provided both surface analysis and depth profiling 
capability unlike XPS or SIMS, which provide only one or 
the other. Auger analysis is based on a simple atomic 
transition which is pictured in figure 3.5. An incident 
electron collides with an inner shell electron of an atom 
in the sample and ejects it. An upper shell electron 
then drops into the vacant site. This releases energy, 
which is then used to eject another upper shell electron. 
The second ejected electron is called an Auger electron. 
Its kinetic energy is ch~racteristic of the element from 
., 
which it is ejected, as this energy is the difference 
between the characteristic energy of the upper to lower 
39 
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Figure 3.5 Schematic drawing of the atomic 
transition on which Auger analysis is based. 
(After (42) ) 
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shell transition and the characteristic energy of the 
shell from which the Auger electron is ejected (42]. 
3.3.2.2 surface Analysis 
The number of Auger electrons with any one energy is 
very small compared to the number of background secondary 
electrons at that energy. Thus the peak to background 
ratio of an Auger signal is 'Very small. However, the 
Auger peaks are very sharp if not high, and the 
background is smooth. By differentiating the signal, the 
peaks can e-asily be distinguished ae is shown in f ig:ur-e 
3 .. 6. The distance f rem the tei._p: of one of these 
derivative peaks ·to ·the bottom ot the corresponding 
·trough is c.a:l.led the peak-to-peak amplitude. The va:1u··e 
of this ·amplitude for a given el·entental peak is s·omewhat: 
.. indicative of the amount of the element present on th·e 
surface of the sample [42]. The peak height is also 
influenced by a number of instrumental and matrix factors 
as well as the ionization cross se.ct"ion and fluorescence 
yield of the element in question. These are accounted 
for by dividing the peak-to peak amplitude value by a 
sensitivity factor which is different for each element 
and is listed in various h?.tndbook:$ [43]. The resulting 
9orrected value· is ·d_irect:_l_.y p:r.opo:r-t:ional to the concen-
tration of th·e. e-lement. 
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Figure 3.6 Auger derivative spectrum used for 
nitride 
an NF3 
surface analysis. This spectrum is 
film grown at l000°c for four hours 
addition of 200 ppm. 
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This tebhnique is very surface sensitive. It is 
used to determine the composition of only the top few 
monolayers of a sample. T'he Aug~r electrons are so low 
,in energy that they are strongly ~bsorbed by as little as 
OI'l~ .111ono::J.ayer. Thus the depth :r:e$blution can be as high 
as s~10 A [42]. This results in a correspondingly high 
spatial resolution with information coming from an area 
only slightly larger than the beam-, 100 um 2. Auger 
spectroscopy does not excel at trace analysis, however. 
It can only detect elements which are present in an 
amount greater than 0.1 atomic. p;,ercent ( 42] • 
. A. p:r:of·ile of the film composition as a function of 
depth is achieved by analyzing each layer while simul-
taneously sputtering the layers off to allow analysis of 
lower layers. The analysis consists of measuring the 
relative peak-to-peak amplitudes of several elements of 
interest as a function of sputteri:ng time. This type of 
plot is sho~r.n in f·igure: _3_._7· •. ·T:h.e -amplitudes are then 
..._,-... . 
,. ' ·.. 
.· 
. 
. . -~ converted to e:1.en1ental conc-en:trations as above. The . . . ..· . . . . ' . . . . 
sputtering tinre is converted to depth by multiplying by 
the average sputter rate. The resultant plot of concen-
tration versus depth must then b-e ·checked for artifacts 
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Figure 3.7 Auger depth profile.showing the 
peak-to-peak amplitude of the N, o, and Si sign
als 
versus sputtering iirne. This profile is of a
 nitride 
film grown at 1000 C for four hours with an N
F 3 
addition of 200 ppmo 
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18 
of the depth profiling technique before it can be 
accepted. These artifacts are caused by atomic mixing, . 
non-uniform sputtering, defect formation, and 
instrumental background noise. Artifacts include a 
smoothing of the depth profile resulting from a loss of 
depth resolution, an inability to detect trace elements 
resulting from a loss in dynamic range, and even spurious 
hills and valleys in elemental concentration resulting 
from preferential sputtering [44,45]. 
3.3.2.4 Conditions used in this study 
In this study, a 5 keV, 8 uA beam of incident 
electrons was used for the analysis. The vacuum was kept 
at 5 x 10-9 torr for surface analysis. Quantitative 
depth profiles of the films were performed by sputtering 
the surface with 50 nA of 0.5 keV Ar+ ions. The presence 
of the Ar+ ions reduced the vacuum to 5xlo-5 torr. A 
Varian cylindrical mirror analyzer was used to focus and 
separate the Auger electrons by energy. It was chosen 
because of its low noise and its high transmission, 
resolution, and speed. The peaks that were examined were 
Si at 90 and 1610 eV, Nat 380 ev, and oat 510 ev. Ar 
at 180 eV, cat 270 eV, and Fat 650 ev were also 
observed. The nitrogen and oxygen peak-to-peak 
amplitudes were converted to corrected intensities by 
dividing them by their respective sensitivity factors. 
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Those factors were 0.22 for nitrogen and 0.41 for oxygen 
[43]. The ratio of the corrected nitrogen intensity to 
the sum of the corrected nitrogen and oxygen intensities 
provided a measure of the relative concentration of 
nitrogen in the sample. This was termed the nitrogen 
fraction or percent nitride. It was used as the measure 
of the compositional quality of the nitride films. 
3.4 SOLGAS ANALYSIS 
The SOLGAS pro·gr.alll ·predicts the thermal equilibrium 
state of a mixture of gases and condensed phases. The 
program input consists of the number of moles of each of 
the elements in the ,starting mixture along with the 
j 
( 
stoichiometric coe·ff icients and the thermodynamic 
constants, bHf 0 and bSf0 , for all the possible species 
which could be produced fro.m these elements [ 4 6] • • Given 
this information, the program calculates and lists the 
concentration of each of the possible species that allows 
the the overal 1 -f:x-ee energy of the mixture to be 
·., . ' m.1-n1m1zed. 
Tl:.le program wa·s. :u.sed to determi.ne the concentration 
t:i!: e·ach. gas present in the nitri::d.ation furnace at equi-
1..i .. brium. The input data cons,is.ted of additions of o, 
1.-0·0, 200, and 300 ppm of: NF 3, to· :a 30% NH3 ·. - 70% N2 
ambient with tr.ace amount>s ,-5 )?.Pm, of oxygen and water 
included. Silicon was not present in one study, and, in 
another, it was present in excess. The program was run 
not only to determine the overall makeup of the gas 
mixture, but also to. determine if there was any effect of 
fluorine additions on the thermodynamic stability of 
atomic nitrogen, atomic oxygen, or s.olid silicoh 
n.itrid·e .•. 
. . • . .. . .. 
4.0 RESULTS 
. . 
4.1 NITRIDATION IN AMMONIA 
The nitrid~s which were grown in a 30% ammonia - 70% 
·nitrogen ·ambient with no fluorine addition exhibited the 
·growth trends sho.wn in f igu:re, 4 .. 1_. The film thickness 
.increased with increases in both the time and the temp-
erature. While a sizeable increase in thickness resulted 
from a 100°c increase in temperature, the increase in 
t.h.i·ckness for a fourfold increase in the nitridation 
:time was quite small, especially at lower temperatures. 
T:he nitrogen fraction of the films also increased with 
time and temperature. Thus the thickest and most 
n:i··t·rogen-rich films were f··ormed at long ti.m-es and :hi.g:h 
temp_eratures. 
The addition of fluorine greatly increased the 
nitrogen fraction of the films. Figure 4.2 shows that 
this increase extended throughout the depth of the film. 
Figures 4.3 and 4.4 show that the increase was greater at 
lower temperatures. Figures 4.5 through 4.9 show that it 
w:as greater at longer times, regardless of whether the 
temperature was 1100°c (figures 4.5, 4.6, and 4.7) or 
1:000°c :(:figures 4.8 and 4.9). 
" 
. ..... 
,;. 
~ 
< 
'-" 
l() 
en 
w 
z 
~ 
u 
t-; 
.I 
~ 
100--------------~-------
___ £ 
75 ------- . 
_.-----
• ---~-
so • - --
--
~---
- 0 - - --- -
25 0-1000°C 
•-1100°C 
•-1200°c 
0 
0 2 4 6 Q L.) 
TI ME CHRS) 
Figure 4.1 Growth curves for nitride films grown 
in an ammonia-nitrogen ambient witg no fluor~ne 
addition at temperatures from 1000 C to 1200 C. 
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Figure ~.2 Auger depth profiles of nitride films grown 
at 1100 C for four hours with NF 3 additions of O, 100, 
and 200 ppm. 
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Figure 4.3 Average composition of nitride films as 
a function of growth temperature. Films were grown 
~ for four hours with an NF 3 addition of O - 200 ppm. 
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Figure 4.4 Average composition of nitride films as a 
function of NF~ addit_ign. Films0 were grown at temperatures from 1000 C to 1200 C for four hours. 
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F~gure .4,5 Avera~ composition of n~tride films as a 
!unction of nitridation time at 1100 C. NF 3 additions 
range from Oto 200 ppm, 
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Figure 4.6 Peak nitrogen fraction of nit0ide films 
as a function of nitridation time at 1100 C. NF3 
additions range from Oto 200 ppm. 
54 
10 
•• 
w 
D 
t--t 
0:: 
r-
J---i 
z 
~ 
< 
w 
(L 
• 
100 
0-2 hr 
e-4 hr 
80 A-8 hr· 
60 
40 
0 100 200 
NF3 ADDITION CPPM) 
Figure 4. ·7 Peak nitrogen fraction· of nitri
de films 
as a function of NF addition. Films were g
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Figure 4~8 Average composition of nitride films 
as a. fusction of NF 3 ~ddi tion. Films were grown 
at 1000 C for four and eight hours. 
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Figure 4,9 Peak nitrogen fraction of nitride films 
as a function of NF 3 addition. Films were grown at 1000°c for four and eight hours. 
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Fluorine additions also increased the ultimate 
thickness of the thermal silicon nitride films. The 
enhancement was small at high temperatures and short 
times, but it was very large at low temperatures and long 
times. This is indicated by figures 4.10 through 4.13. 
It must be stressed that these increases in thickness 
occurred along with a corresponding increase in the 
nitrogen content of the films, and both effects followed 
the same trends. 
4.2 SOLGAS RESULTS 
The SOLGAS analysis of the ambient for the case 
where silicon is not present provided the following in-
formation. Very little NF3 (lo-40 to 10-46) was present 
in the system at equilibrium. The only fluorine species 
which was present to an appreciable degree was HF. Its 
concentration was slightly less than 0.1 atomic percent. 
The concentration of HF was directly proportional to the 
amount of NF 3 added and it was not affected by the 
processing temperature. These trends are shown in 
figures 4.14 and 4.15, respectively. Atomic fluorine was 
present in very small concentrations as were atomic 
nitrogen and atomic hydrogen. Figure 4.16 shows that the 
concentration of these three species increased as the 
temperature was increased • 
.. 
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Figure 4.10 The effect ob NF3 additions on the 
· growth of nitride at 1000 c. Growth times range 
from two to eight_hours. 
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Figure 4.11 The effect ob NF 3 additions on the growth of nitride at 1200 C. Growth times range 
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Figure 4.12 Growth curves for nitride films grown 
in an ammonia-nitrogen ambient with 200 ppm0 of NF3 addeg. Growth temperatures range from 1000 C to 
1200 c. 
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Figure 4.13 The effect 0 6 NF3 additions on the growth of nitride at 1100 c. Growth times range 
from two to eight hours. 
62 
,. 
.:, 
.::r 
0 
r-i 
X 
,-... 
:E: 
I-
<I: 
'-" 
w 
0::: 
=> 
(/) 
(/) 
w 
~ 
a... 
_J 
<t 
....... 
I-
c::: 
c::c 
CL 
8--r------------------B 
HF 
6 
4 
2 2 
o~------~---------'-~~---------+-O 
0 100 200 
NF3 ADDITION (PPM) 
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Figure 4.15 The effect of temperature on the 
equilibrium concentration of HF when no silicon 
is present and the NF3 level is 200 ppm. 
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Other trends were seen in the SOLGAS study of the 
system when silicon was present. Again very little NF 3 
was observed (lo-40 to 10-46 ) and HF had the largest 
concentration of any fluorinated species. However, SiF3 
and SiF4 were also present in reasonable a
mounts. Under 
these circumstances, the concentration of HF increased 
with increasing temperature whereas the SiF3 and SiF4 
concentrations decreased. When more NF3 was added, the 
percent increase in the concentration of HF was less than 
the percent increase in NF 3 which caused it, while the 
percent increases in the SiF3 and SiF4 concentrations 
were greater than that of NF3• These trends are shown in 
figures 4.17 and 4.18, respectively. Again atomic 
fluorine, atomic nitrogen, and atomic hydrogen were 
present in very small amounts. 
Fluorine additions of o to 1000 ppm at temperatures 
from 1000°c to 1200°c were seen to produce no change in 
the equilibrium concentrations of atomic nitrogen, atomic 
oxygen, or silicon nitride as shown in figures 4.19 
through 4.21. Thus the thermodynamic stability of these 
species is neither increased nor decreased by the 
addition of NF3. 
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4.3 NITRIDATION IN NITROGEN 
The addition of NF 3 significantly increased the 
·thickness of the films grown in pure nitrogen as shown in 
figure 4.22. However, upo,n Auge~ a.nalysis it was found 
that these films contain~4 no nitrogen. Pure silicon 
aioxide had been form~d bY the reaction of the silicon 
ir:it:h the oxidant impurities present. in the amb·ien-t •. 
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5.0 DISCUSSION 
5 .1. N·I:TRIDATION IN AMMONIA WITHOUT FLUORINE 
The characteristics of the nitride films grown in an 
ammonia-nitrogen ambient with no fluorine additions are 
very similar to those of samples grown under similar 
conditions in previous studies. The thickness range .o-.f· 
35-85 A found in this study is close to the 25-65 A 
previously reported and the composition range of 35-55% 
nitride fits nicely insid,e the 25-60% nitride range 
given in the literature [9,25,26.J-. The trends noted in 
this study and their magnitudes also agree well with 
~revious work. Murarka, et.al. [9], and Hayafuji and 
Kajiwara [26] saw the same increase in thickness with 
increasing temperature observed here, and both groups 
noted a similar insensitivity of thickness to the 
duration of the nitridation. These similarities i11 the 
three studies can be seen more clearly by comparing 
figure 4.1 with figure 2.3. The)increase in the nitrogen 
-fraction with increases in both time and temperature is 
another point on which the three studies agree. The 
close correlation of the results of this study with those 
of previous investigations indicates that the experi-
mental procedures used. in this study are valid. 
14 
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5,.2 FLUORINE ENHANCED NITRIDATION IN AMMONIA 
The percent nitride did not reach 100 % in any film 
produced in this study, because of the relatively high 
ievel of oxygen and water impurities in the ambient. 
These species preferentially oxidize the silicon •. 
However, films which were grown in an ambient containing 
small amounts of NF 3 had significantly higher nitrogen 
fractions ·than those grown without the addition. Th• 
increase in the nitrogen fraction extended throughout tn.~,: 
depth of the film as shown in figure 4.2. 
Along with the increase in nitrogert content, the 
a;ddition pf NF3 ::re:sulted in an increase in the thickness 
o:_f t.he ni trid.e: films. ·The largest film grown in this 
study was 225 A thick, which is more than twice the 
th·i:ckness of the largest non-pl,as:ma nitride reported in 
the literature [ 10]. Some rea:s-o:n~ f:c;rr both enhance-· 
ments are given below. 
5.2.1 Reasons for Fluorine Related Enhancement 
---- --· ---- ----
The higher nitrogen concentration in the films grown 
in fluorinated ambients and their larger thickness is the 
result .of four proce$S8$. First, the fluorine increases 
the reactivity of the ambient. Second, the fluorine 
reacts with any native oxide o-n the silicon and removes 
it. Third, the: fluorine. l.,Q.O'Se::ns the si-licon lattice 
.·, 
): 
·~·. 
' 
structure. Last,· the f·luorine decreases the activation 
energy needed for Si-N bond formation., 
s.2.1.1 Dissociation o.f Ammonia 
Dissociation of the ammonia in the ambient into 
atomic nitrogen and atomic hydrogen is a way to greatly 
increase the reactivity of the ambie~t and the potential 
for nitridation. The a_b-ility of fluorinated compounds, 
namely CF 4 and SF6 , to catalyze the dissociation of 
nitridants was reported in the literature as early as 
1964 [47] and as recently· as 1985 (30]. Howev~_:r., 
modeling of the ammonia amb:ient with the so·LGAS program 
indicated that the NF3 additions had no effect on the 
concentration of the dissociation products, atomic 
n:itrogen and atomic hyd.ro:ge.n, in the furnace at. 
'l'b. ,equ1 1 r1um. 
silicon was present or not. 
The following proposal is made-to reconcile these 
two seemingly contradictory facts. The NF3 catalyzes the 
dissocia·t-ion of the am·monia by lowering the activation 
energy needed to break the N-H bond. The atomic nitrogen 
released quickly reacts with itself to form diatomic 
nitrogen molecules. It also reacts with silicon to form 
silicon nitride, if a.n.-y s:ilicon is present. The atomic 
hydrogen reacts to form diatomic hydrogen molecules. In 
•.' . --~. . .. -
,, 
this manner, the NF3 could catalyze the reaction while 
the equilibrium concentrations of atomic nitrogen and 
atomic hydrogen remained low. Such a catalysis would 
result in the production of more hydrogen gas, nitrogen 
gas, and, especially, silicon nitride. These products 
are more thermodynamically stable than bare silicon and 
ammonia but because the dissociation of ammonia is very 
slow if it is not catalyzed, they are not normally 
produced [48]. The larger amount of silicon nitride 
produced would in this case show up as thicker, more 
nitrogen-rich films. 
s.2.1.2 Removal of the oxide Layer 
All bare silicon wafers which contact the ai~form a 
native oxide layer which is 10 - 20 A thick. This layer 
can retard the growth of silicon nitride by limiting 
contact between the reactants. In addition, the layer is 
incorporated into any nitride which is grown, lowering 
the nitrogen fraction of that film. 
The etching of such a shielding oxide layer by 
fluorine compounds has been reported in the literature. 
Biswas and Mukerji (49] have shown that when small 
,· 
amounts of alkaline earth fluorides are added to powdered 
silicon the nitridation of that silicon is accelerated. 
This acceleration and the corresponding change from 
' 
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parabolic to linear reaction kinetics seen by them was 
attributed to the removal of the oxide layer and the 
subsequent reaction of the nitrogen with the silicon 
substrate. 
The SOLGAS results presented here have indicated 
that most of the NF3 present in the ambient reacts to 
form HF. It is proposed that, in this study, HF etches 
away the native oxide layer according to the reaction: 
Without the oxide layer, there is increased reaction 
between the silicon and the nitrogen. This results in 
thicker films. The removal of the oxide layer also 
results in a lower oxygen content in the films. 
5.2.1.3 Loosening and Straining the Structure 
It is further proposed that after etching away the 
oxide, the fluorine attacks the silicon. Evidence for 
such an attack was provided by the SOLGAS model of the 
system. Large concentrations of SiF3 and SiF4 were found 
to be present as shown in figures 4.17 and 4.18. This 
indicates that fluorine does indeed react with the 
' substrate silicon. Further evidence for the attack is 
provided by theoretical calculations in the literature 
which indicate that fluorine can easily enter the silicon 
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lattice and react with atoms several layers beneath the 
surface (50]. The result of the fluorine attack is a 
loosening of the silicon lattice structure as some of the 
subsurface Si-Si bonds are replaced with si-F bonds. 
When this silicon is nitrided, the resulting silicon 
nitride structure is also more open. This results in.a 
·g·r:e.a:ter thickness: and ni tr·ogen· fr.-aot·ion of the ni trid:e· 
,f-i.1-ms as discus-s:ed belo-w. 
The growth rate of silicon nitride is primarily 
li•ited by the diffusion of the reactants through the 
a:lready grown nitride [26·]. Whether the nitrogen moves 
toward the interface or the silicon moves toward the 
surface or both is not yet known. Diffusion through the 
dense nitride is so difficult that after the film reaches 
a depth of 70 -· :9.0 A :the reactan··ts can no longer diffu·~•e 
.and nitridation c~:ases. This self·-limiting gro=Wt'h ·i:s 
characteristic of silicon nitride. 
The additions of fluorine result in a more open 
nitride structure. This enhances the diffusivity of both 
silicon and nitrogen in the nitride layer and thus allows 
more extensive reaction. The result of this is a thicker 
nitride and. the elimination of :m·uch of the tendency fo.r· 
self~limiting-growth. 
The m·ore open n.it.r.id:·e :st-ructure also causes a mo·r·e· 
nitrogen rich film t .. o· b·e =produced. The strain on the· 
"', 4' 
7·9-
.-... 
I 
lattice resulting from the accomodation of the Si-F bonds· 
lowers the activation energy for si-N bond formation, as 
previously suggested (30], while the enhanced diffusivity 
of nitrogen in the lattice allows more nitrogen to 
penetrate deeper and react. 
5.2.2 Trends in Fluorine Enhancement 
. .. ' . 
In addition to simply enhancing th& composition and 
thickness of the nitride films, the fluorine additions 
altered the relations between these characteristics and 
the processirrg conditions. The effect of fluorine 
additions on film composition was much greater at lower 
temperatures than at highe~ temperatures, as can readily 
be seen in figures 4.3 -and 4.4. This difference was 
great enough and the enhancement effect large en(?ugh that 
:a.t ·NF 3 ad.ditions greater than 100 ppm the nitr_o.gen con-
tent of films grown at higher temperatures was less than 
that of films grown at lower temperatures. This is the 
opposite of the trend normally seen. It is clearly shown 
in figure 4.4 that the effect of temperature on nitrogen 
,·f'· 
fraction is different on either side of the 100 ppm 
level. 
In the ca.s:e- o .. f n:on-·f:l.uo·r·inated nitrides, an increase. 
in the durati6n of ·the nitridation will result in art 
increase in the nit·r-og_en-- content of the films. Th:is· 
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trend was even more pronounced in the fluorinated 
nitrides because the increase in nitrogen content due to 
fluorine additions was greater at longer times. This is 
brought out in figures 4.5 and 4.6 for a nitridation 
temperature of 1100°c. It can easily be seen from the 
steep slope of the 200 ppm curves relative to the· o ppm 
curves that fluorine enhances the trend of higher 
·nitrogen fraction at longer· times. The fanning out of 
both the average and the peak percent nitride curves from 
two hours to eight hours shows the much larger effect of 
fluorine at long times. The steep slope of the eight 
hour curve relative to the two and four hour curves in 
figure 4.7 is another indication of this. Figures 4.8 
and 4.9 show that these relatio.ns.-hips exist not only at 
1100°c but at other temperatur-e·s as well. 
As with nitrogen content1 fluorine has its greatest 
effect on thickness at low temperatures and long times. 
The flat curves of figure 4.11 show that the change in 
thickness with NF3 additions is extremely small at high. 
temperatures. At 1200°c and two hours, only a fifteen 
percent increas·.e in thickness is. seen for a 200 ppm 
addition of NF3• However, only .. 2.0,0° lower, the change is 
remarkable as evidenced by the steep curves of figure 
4.~10. At 1ooobc and eight hours, a 500% incre~$e in 
thick-nE:lss is seen with the addit-.-i,on O·f· 2 00 ppm NF3• 
~. 
. , 
Similar to the composition results, this enhancement 
reverses the normally observed trend of higher 
thicknesses at higher temperatures, which was depicted in 
figure 4.1 for this study and figure 2.3 for a previous 
study [9]. By comparing these figures at o ppm NF 3 to 
figure 4.12 at 200 ppm NF3, the reversal is clearly seen. 
Whereas in figure 4.1 the curves are ranked 1000°c, 
1100°c and 1200° in order of increasing thickness, in 
figure 4.12 the opposite order is observed. While the 
1000°c curve risE!s to almost 2.5 times its previous 
·o ·height, the. ·120,:0 · C curve barely moves. 
Also, as with nitrogen fraction before, the fluorine 
enhancement caused the increase in thickness at long 
times to be more pronounced •. This can be seen in the 
much higher slopes of the ll'00°c and, especially, the 
.1000°c curves in figure 4.12 relative to figure 4.1. 
The interplay of time, temperature, and fluorine 
addition is brought out in figures 4.10, 4.11, and 4.13. 
At the highest temperature (1200°c) even ·a time of eight 
.hours and a fluorine addi ti.on ot· 20,0 ppm cannot cause any 
enhancement. At the mi:ddle: temperature (1100°c), both a 
long time, eight hours, and a bi~h fluorine addition, 200 
ppm, are needed for a visible e.:nhancement. At the lowest 
temperature studied (l000°'C-) ef.t:he·,r a long time and any 
fluorine addition, or a :La,rge fluorine afdition and any 
\ 
··s·2·· ; \··· . 
ti-e, will cause enhancement. Thus, it is seen that only 
:t_W·C> of the three factors must be favorable for a substan-
t:i.al thickness enhancement. 
The reasons which were given· in the previous section 
fo·r the enhancement of nitridation are supported by these 
trends in the enhancement effects. The decrease in free 
energy w~ich results from etching the oxide layer is much 
greater at lower temperatures. This -suggests that the 
reactio11 would take place to a· great·er extent at lower 
temperatures. Greater amounts of S:.i:F:J and SiF 4 exist at 
equilibrium at lower temperature:$• This indicates that 
the loosening of the silicon lattice is more extensive at 
1bwer temperatures. Furthermore, the reaction of ammonia 
and silicon to f-o-r.m silicon nitride is ~more thermo-
dynamically favorable at lower temperatures. These facts 
suggest that the enhancement would be greater at lower 
temperatures, as observed. Similarly, all these 
processes can be assumed .to occur to a greater extent if 
given more time. This accounts for the observed trend of 
greater enhancement at longe:r· .growth t:_intes. 
5. 2. 3 ; Compos itiQn. .p:r·o,f:i_le 
--- ..... · 
The variation in nitrogen f:ractio:n w._ith depth in the 
.f:i:1:·.m for both fluorinated ~nd· non-f·Iuorinated nitrides 
-w·as snow:n :in f·igure 4.2. .T-h.:is :c··omposition profile has 
:a3· 
• 
.... -_.1. 
' 
several interesting characteristic features. The 
nitrogen content at the surface is relatively low. It 
rises to a peak beneath the surface, about 1/3 of the way 
to the interface. After this peak, it drops again until 
it stabilizes at a value above that at the surface. It 
remains at this value until the silicon interface is 
reached_ .. 
The low concentration of nitrogen at- the surface is 
probably caused by the s1o·w o>eidation of the surface in 
air at room temperature. This: has been observed by other 
investigators [ 17, 3 O]. -Ah oxidation under these 
conditions would have to b~ an extremely slow replacement 
o·f o.xygen for nitrogen in the lattice with very little 
Cih·ange in the film thickness. Extensive oxidation is 
~blikely becaus~ of the ability of nitride to strongly 
inhibit it [9]~ No appreciable increase in thickness was 
observed when the film thicknesses of several samples 
were measured right after nitridation and then two days 
later. In fact, except for the increase in the oxygen 
content of the films at the surface, there is little 
evidence that oxidation is occuring. 
Because it is so difficult in this case to determine 
that oxidation is occuring, the possibility ~hat the peak 
in nitrogen 9oncentration is actual-ly an artifact of the 
Auger depth profiling t:echniquec' .c-an not be ruled out. An 
.• 9·_,4· '· 
.. - . : 
~~ ..__ ___ -- ---· 
-· 
artificial peak could result from the known preferential 
sputtering of oxygen atoms at the surface, which would 
leave many of the surfa6e nitrogen atoms behind. This 
would increase the nitrogen concentration in the layers 
under the surface leading to an artificially high reading 
V 
there [44,45]. 
'!, 
Whether the peak is ~eal or .artificial could be 
·t;fe·termined by analyzing the samples with SIMS. SIMS 
determines composition by measuring the amounts of 
nitrogen and oxygen sputtered off, not the amounts left 
on the surface. It, therefore, would not be subject to 
this artifact. studies of the etch rate in HF versus 
depth in the film w·ould also determine if the peak was 
real. A higher ~tch rate at the surface than in the bulk 
would. ,s.igrtif·y a highe.r oxygen concentration at the 
s:urface. Both Giridhar and Rose [30], and Ito, et.al. 
[17] found that their nitrides had in fact undergone some 
surface oxidation by etch rate studies. 
Another less serious artifact of the depth profiling 
process was definitely present in these results. The 
interface was smoothed because of a lower than ideal 
depth resolution. This explains :t:he stabilization of the 
nitroge~ ·fraction near the interface. The decrease in 
depth resolution can result from direct knock-on damage, 
which is the recoil implantation of surface atoms into 
·a·s·· .. 
the bulk by interactions with the primary sputtering 
beam. It can also occur because of cascade mixing, which 
_is the lateral and vertical implantation of upper layer 
atoms into lower layers as a result of interactions with 
the energetic atoms undergoing recoil implantation. Non-
uniform sputtering and enhanced diffusion by defect 
I 
• 
formation can also be causes [44,45]. If both artifacts 
are distorting the nitridation profile, the actual 
nitrogen fraction may be nearly constant throughout the 
film. However, with or without the artifacts present, 
the enhancement of the average nitrogen fraction with the 
addition of NF3 is still valid and significant. 
The results of this study confirm that small 
·additions of a fluorine compound do indeed enha:nce 
nitridation as was suggested by Chang, et.al. [29], and 
Giridhar and Rose [JO·]. However, there are several 
points where the three studies do not agree. Giridhar 
and Rose found that the thickne$~ enhancement became less 
pronounced with increasing additions of SF6 , so that near 
20:0 ppm the thic'kness was rela_t·ively insensitive to 
c:banges in the amou:n-t of fl u,or-ine added. This is shown 
:in figure 2.7. Abov·.e :2:;QQ :P.:Pm, they believed that the 
fluorine began to etch t.:ti:e films. Chang found that 
.. 
8:6' 
u 
j 
a.dditions of CF4 which yielded up to o.s atomic percent: 
-fluorine (5000 ppm) were effective in enhancing 
nitridation. He found etching only at fluorine levels 
above 1.5 atomic percent (15,000 ppm). In the present 
. 
study, the enhancement became more pronounced as the NF3 
addition was increased up to 200 ppm. No etching was 
observed. 
4 
Giridhar and. R.b$(a [.3.Q;] ,also sa.-w a maximum in the 
nitrogen fraction at 10 O pp.m $F 6_. No such maximum was 
observed in this study. sine~: the highest level of NF3 
used, 200 ppm, contains tije same amount of fluorine a$ 
100 ppm of SF6 it a~y be ·that ·the nitrogen fraction ·4oe~ 
t-·~ach .a :maximum at 2:00' ppm NF 3, and then declines. at 
higher NF 3: additions. .w·n~ch were .pot studied. In such a 
case, the maximum would-, :n.c>"t b:e. ~bserved. However, if a: 
maximum did exist, s·ome leveling off or peaking should b:e 
seen at 200 pp~ NF3. None was observed here. 
Finally, the results of this study showed a much 
greater enhancement of thickness and nitrogen fraction, 
and a much smaller tendency for self-limiting growth than 
tho··se of Giridhar and Rose ( 3 o], as can be seen by 
comparing figures 2.8 and 4.12. This indicates that NF3 
is a more potent source of fluorifie. than SF6, and that it 
is more effective in breaking: ·4p: t.he \S.ilicon lattice • 
.. 9:_7 
-~ 
5.2.5 Fluorine Distribution 
Preliminary Auger results show that the fluorine is 
distributed evenly throughout the thickness of the film 
as would ·be expected for ·a network modifier. This con-
tradicts Chang's $Uggestion [29] that the fluorine is 
concentrated at the interface. The even distribution of 
fluorine agrees with previous studies of flu6rinated and 
chlorinated oxides, where it has been suggested that OH 
groups displace the chlorine and fluorine in the lattice 
and al low it to move to the interface [ 51]. In 
nitridation there are few OH groups and thus little 
chance of s~ch a mechanism removing the fluorine. 
5:~3 SOLGAS· ANALY.SIS 
The SOLGAS program was used to make thermodynamic 
analyses of the nitridation system. The results of these 
analyses are very useful in understanding the processes 
which cause enhancement. 
Results of a SOLGAS analys.is at o ppm NF 3 suggest a 
reason for the increase in the nitrogen content and 
thickness of nitride films that r.esults from an increase 
in temperature. Figure 4.16 shows that the equilibrium 
concentration of both atomic nitrogen and atomic hydrogen 
ire higher at higher temperatures. This indicates a 
greater dissociation of the ammonia at higher temper-
··88· 
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atures and thus a greater reactivity. It is assumed that 
this effect is overwhelmed by the more extensive 
dissociation which occurs when NF3 is added, and that is 
one reason for the reversal of the temperature trend when 
fluorine is added. 
The SOLGAS program is equally helpful in determini.n·g 
the events leading to fluorine-related enhancement. ·Tbe' 
NF 3 dissociates very easily and little is present at 
,equilibrium. When silicon-is absent from the system, 
there is only one fluorine species with an appreciable 
concentration at equilibrium and that is HF. The HF 
concentration is directly proportional to the NF3 concen-
tration at all temperatures as shown in figure 4.14, 
because almost all the NF3 reacts to become HF regardless 
of the temperature. However, w·hen ·silicon is added to 
the system, SiF3 and SiF4 are also ·produced in reasonable 
amounts so the conc~ntration of HF is ~uch smaller. 
When s-ilic·on is present, the trends in HF 
:c:oncentration with temperature and NF 3 addition run 
,a:o·:unter to the enhancement trend.s, while the 
concentrations of SiF3 and SiF4 follow the enhancement 
trends, as shown in figures 4.17 and 4.18. This leads to 
the conclusion that HF is reacting with the Sio2 and 
s·:ilicon to create SiF3 and SiF 4, removing the sio2 an:d: 
loosening the silitlon .lattice. When this reaction occurs: 
89· 
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to a greater extent, the enhancement is greater. Atomic 
fluorine cannot be the species causing enhancement 
because it is present in qu-antities much too small to be 
effective. The thermodynamic stability of silicon 
nitride was not affected by the addition of fluorine as 
shown in figures 4.19 through 4.21, and thus was not a 
reason for any enhancement ~ffects. 
5.4 NITRIDATION IN NITROG·E,N· 
Auger analysis of the films grown in pure nitrogen 
nee again the difficulty of growing nitrides in a 
nitrogen ambient w-hich contains a sig.ni·ficant am,ount of 
oxidant impurities~ this follp~$ directly from Ito's 
wo·rk. [10]. 'I.'he :adcl:itions of NF3 ·di·d nothing to increase 
the amount df nitrogen incorporated in these films. The 
enhancement of the thickness t_hat· was observed in these 
oxide films and shown in figure 4.22 is another 
indication of the increase in oxidation rate which is 
·produced by small additions of a fluorinated compound 
[5'2, 53, 54]. The effect was small in this case only 
because the partial pressure of oxygen was small enough 
to be the limiting factor. 
-~---- -- -c- ~--- ---- --- - - -- •• - --~-- ··- .= ... ·<'·- ----- -
:9,_Q, 
L 
6.0 SUMMARY AND CONCLUSIONS 
·rt was found in this study that when sm_a_ll a~tount:s 
~fa fluorinated compound are added to an am~onia-
:nitrogen ambient both the thickness and the nitrogen 
content of the nitr·ide films grown in that ambient are 
significantly increased. NF3 was chosen as the fluorine 
source because its contained no component, other than the 
fluorine, which was not already present in the ambient. 
The enhancement in nitrogen content extended throughout 
the thickness of the film. Both the thickness and the 
composition enhancements are believed to be primaril.y dti,e 
to the fluorine acting as a network modifier to loosen 
the atructure of silic~n nitride and enhance the . . . . . .: . 
d~ffusion of nitrogen and silicon. The fluorine is also 
thought to catalyze the dissociation of the ammonia, and 
to lower the activation energy needed for Si-N bond 
formation. Removal of the nat .. ive oxide layer may also be 
involved. 
Both enhancements are g·r-~ate:r at lower temperatures 
··and longer times. This caus-es the trend of increasing 
thickne.$$ a.nd1 nitrogen content with increasing 
temperature seen in non-fluorinated nitrides to be 
reversed. On the 0th.er hand., ·the trend of increasing 
thickness and nitrogen content with increasing time seen 
in non-fluorinated nitrides is more pronounced when 
fluorine is added. These enhancement results are even 
more significant because they occured in an ambient which 
contained a sizeable amount of oxidant impurities. 
The results of a study of fluorinated nitridation in 
pure nitrogen were not as favorable. The high level of 
oxidant impurities in the system resulted in the 
formation of pure silicon dioxide films containing no 
nitrogen. The thickness enhancement observed was related 
to the enhancement in oxidation rate caused by additions 
of fluorine, a topic which has previously been 
investigated. 
The SOLGAS program verified that HF was attacking 
the silicon lattice creatj.ng both SiF3 and SiF 4• The 
concentrations of .these two compounds varied as the 
magnitude of the enhancement affect. This gives further 
evidence in support of the suggested reason for 
enhancement. 
These results are exciting as they show that it is 
possible to thermally grow silicon nitride films with a 
reasonably large thickness and nitrogen content. 
Ni tr ides are no longer limited to the very large thick-
nesses produced by chemical vapor deposition, nor to the 
very small thicknesses resulting from regular thermal 
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growth. The 100 - 200 A nitrides shown here are the 
. I 
perfect size for gate insulators. Also the increase in 
thickness has been achieved while sacrificing little of 
the self-limiting growth characteristic of nitride. At a 
given temperature and fluorine addition, the thickness 
still levels out after a growth period of several hours. 
Also exciting is the fact that the thicker films were 
also more. p:it;rogen rich. Thus there was no need to 
sacrifice compositional quality to- achieve a larger 
thickness. The most remarkable finding was that the 
addition of fluorine caused the thickest, most nitrogen-
rich f ilJtls to: be -produc·ed at lower temperatures. This 
me~ns t:h'a:·t th.e b.est.-- fi.l .. ms. are: p:·roduced at the most 
desirable processing conditiofi - a double benefit. 
Results like these invite further investigation into the 
:possiblities of silicon nitride thin insulating films. 
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7.0 RECOMMENDATIONS FOR FUTURE WORK 
Further work needs to be done in three areas. 
First, further characterization of the already grown 
films is needed. Second, more fluorinated nitride films ! 
•h-0uld be grown under 4.ifferent processing conditions. 
Third, basi.c studies: :Of tne mechanism of ni tridation and 
.. 
the effects: of fluo.r:i:ne ¢n :t.bat :m.echa.nism need to b·e 
attempted. 
Some· quest:ions persist about the films which have 
.a·l·ready been. prepared and characterized by ellipsometry 
a-nd Auger electron spec·t-ros.copy. The nature of the sub-
surface nitrogen peak and the distribution of fluorine in 
the film Cbuld both be determined by studying several 
$aJnp·1es with SIMS. The electrical characteristics of the 
insulating films must still be determined. High 
frequency capacitance-voltage (C-V) measurements are 
needed to find the density of interface traps, generally 
high in nitrides. Bias-temperature stress (BTS) measure-
ments should be conducted to·determine the the so~iµm 
contamination. The breakdown strength of the fil•s 
should also be examined. 
More samples shoul~ be prepared at higher fluorine 
additions to determ.i.Pe a··t what f 1 uorine level the 
enhancement stops, and ·wnetb.er the trends remain the same 
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up to that level. Other samples should be grown with 
small additions of different fluorine compounds to deter-
mine their relative effectiveness in enhancing the growth 
and composition. Finally, samples should be prepared in 
:a· system with p.ractical ly n.-o oxidant impurities. 
Theoretically, these samples s.ho.uld contain very little 
oxygen regardless of the level of the fluorine addition. 
Then samples should be made in ambients with a small, 
known, and controlled amount of oxygen to determine at, 
what level of oxidant the samples become oxynitrides, and 
at what oxidant level fluorine begins to inhibit this 
oxidation and enhance nitridation. These studies of pure 
nitrides with no oxygen co.ntent would also determin-e: 
whether the thickness enhancemen:t ·is due to the loosenirtg 
of the oxide p:ortion of the o·xynit:r:ide structure or th.e 
nitride portion or both. 
Last, studies of the basic mechanism of nitridation 
should be conducted. It is still not known definitely 
whether nitridation occurs by the migration of nitrogen 
:throtigh the silicon nitride and reaction at the interface 
as in silicon dioxide, or ·by the diffusion of silicon 
through the nitride and reaction at the surface as in 
metal oxides. This question is central to future 
nitridation studies. Experim:e:n·ts ·Should be designed and 
performed to find the answ:e·.r·:• :Once t.he in·echanism i.s. 
P. 
known, further studies should be conducted to determine 
how the addition of fluorinated compounds alter that 
.mechanism so as to enhance both the amount of nitrogen 
incorporated in the films and the thickness of those 
f:ilms. 
,. 
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